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Introduction
A wide acoustic bandwidth was once thought to play an important role in remote species identification (MacLennan and Holliday, 1996; Simmonds et al., 1996) . Since then, frequency-dependent backscattering has been studied for various species and species groups, and these frequency responses are now commonly used in studies of marine ecosystems for target identification (Horne, 2000; Korneliussen and Ona, 2000; Korneliussen et al., 2008) . For this method to be effective, the frequency responses of targets and nearby scatterers must be stable temporally and spatially, or have predictable dynamics.
Aspects of diel vertical migration (DVM; Neilson and Perry, 1990) can modulate the frequency responses of fish. Physoclists and physostomes might not be neutrally buoyant during parts of their DVM; and variations in their swimbladder volumes will cause their backscattering cross section (s bs ; Arnold and Greer, 1992; Huse and Ona, 1996) and resonance frequency ( f r ) to change. Changes in buoyancy can alter the distributions of fish pitch angle relative to the horizontal plane (u; MacLennan and Holliday, 1996; Godø et al., 2006) . This can also cause frequencydependent variations in their nautical-area-scattering coefficient (s A ; MacLennan et al., 2002) .
Changes in swimbladder volume will influence all frequencies similarly and hence might have only minor effects on analyses of multiple-frequency data. In contrast, changes in s bs and s A from variations in u are larger at higher frequencies; and changes in f r resulting from changes in swimbladder volume generally affect s bs and s A at lower frequencies. Therefore, variations in u and f r can directly alter the s A measured at different frequencies. In addition, if the f r is very close to the measurement bandwidth, the s A will vary temporally throughout the DVM period and spatially throughout the species' depth range.
This paper examines some potential problems in acoustic surveys associated with resonance scattering. For the traditional survey frequencies from 18 to 400 kHz, such problems might only arise for small fish with swimbladders, e.g. young-of-the-year and mesopelagic fish, and at the lowest frequencies.
Myctophids have swimbladders and they represent a dominant group of mesopelagic species in the North Atlantic. As they age, the gas in their swimbladders is gradually replaced by lipids (Neighbors and Nafpaktitis, 1982) . Gas volume in myctophids is therefore not necessarily dependent on fish size. Their swimbladder gas volume is often less than that of other fish of a similar size. Myctophids exhibit extensive DVM (Pearcy et al., 1977) , probably # 2009 International Council for the Exploration of the Sea. Published by Oxford Journals. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org without the ability to compensate continuously for pressure changes.
When marine populations are studied with multifrequency echosounders, it must be considered that small-swimbladdered fish like myctophids could become resonant during part of their vertical excursions. Resonance in swimbladdered fish is a wellknown phenomenon (Holliday, 1972; Nero et al., 2004) , which has also been taken into account in multiple-frequency studies of deep-water fish (Kloser et al., 2002) . Chapman et al. (1974) studied the frequency response of fish at medium and high frequencies (2-20 kHz) using underwater explosions. Clear day vs. night differences were observed in f r , which were attributed to changes in swimbladder volumes during the DVM period.
To date, most such acoustic studies have described variations in s A vs. coarse bins of depth and time-of-day. An exception is Love et al. (2004) , who combined broad-bandwidth acoustics and intensive trawling, and demonstrated time-depth resonance phenomena in mesopelagic fish surviving in or close to an anoxic environment during the day. In the current study, changes in the frequency responses of three layers of mesopelagic fish are examined over several DVM periods, focusing on times of ascent and descent. Such changes could compromise the efficiencies of multiple-frequency analyses.
Methods
Data were collected with a multifrequency echosounder (Simrad EK60) on MV "Eros" from 24 to 27 March 2007 in an area to the west of the British Isles ( Figure 1 ). Despite forming part of the annual blue-whiting survey, the selected area had few blue whiting. The ship is a combined purse-seiner and trawler, and the echosounder transducers (centre frequencies f ¼ 18, 38, 70, 120, and 200 kHz) were mounted on a keel that can be lowered. Because of the depth range of mesopelagic fish, only data from the lower three frequencies were analysed. The signal-to-noise ratio at 70 kHz limited the analysis to depths of ,600 m. The echosounder was calibrated before the survey in accordance with standard procedures (Foote et al., 1987) .
The multifrequency measurements of volume-backscattering strengths (S v ) were processed with the large-scale survey system (Korneliussen et al., 2006) . The S v were averaged in cells (1852 m horizontal Â 10 m vertical) and apportioned to the following categories ( Figure 2 ):
(i) migrating deep layer: a layer of mesopelagic fish migrating from 400 to 500 m by day to the surface at night;
(ii) non-migrating deep layer: a layer of non-migrating mesopelagic fish below the migrating deep layer and partly mixing with them by day; and (iii) migrating shallow layer: a layer of fish migrating between 200 m by day and the surface at night.
The layers were identified during both day and night with a standard pelagic-sampling trawl (Å kratrål) with a 20 -35 m vertical opening and a codend of 22 mm mesh (Wenneck et al., 2008) . The frequency dependence of the s A was examined for changes in f r . The ratio at each f between s A and the s A at 38 kHz was denoted the relative frequency response (RFR; Korneliussen and Ona, 2000) :
The s A values were thresholded before the RFR f values were calculated using Equation (1) and averaged in temporal bins: daytime (09:00-17:00 UTC); night-time (21:00 -05:00 UTC); and dawn and dusk (the hours between). Low-frequency, isotropic scattering functions describing resonant scattering from gas-filled prolate spheroids and bubbles (Andreeva, 1964; Weston, 1967; Ye, 1997) were used to estimate swimbladder sizes with resonances at 18 kHz. Table 1 gives these sizes for depths of 200 and 400 m, representing the depths of RFR 18 maxima. Comparisons with the observed RFR 18 might indicate the presence of resonance. The least-squares method was used to find the diameters of the major axes of a bubble and prolate spheroid. In this context, "low-frequency" means that the wavelength was much larger than the major (a) and minor (b) axes of the swimbladder.
Results
The biomass in the study area exhibited significant DVM ( Figure 2 ). It was difficult to separate the migrating and nonmigrating deep layers of fish in the deep water by day, and the merging of layers probably included some mixing. Therefore, a line was drawn on the echogram from the depth where the layers met in the morning to the depth where they separated in the evening. Furthermore, partial separation of the layers permitted further delineation by day. The migrating shallow layer was easily separated from the deep scattering layers by day; however, it could not be observed at all at night, when it had ascended into the surface blind zone.
Catch information from the pelagic trawls indicated the presence of a wide variety of species, but only a few species were caught in significant numbers and of these only a few had a swimbladder. Only fish with swimbladders were regarded as being relevant to the current analysis. Judging from the relative Figure 1 . Cruise track of the MS "Eros". The data in this paper were collected on the two northern tracks.
species abundance in the catches, the main acoustic backscatterers in the three layers were myctophids (Myctophidae), hatchetfish (Sternoptychidae), and pearlsides (Maurolicus muelleri; Table 2 ). The catch depths indicated that the upper migrating layer was dominated by pearlsides, and the migrating and non-migrating deep layers were mostly formed by myctophids. Hatchetfish, although less abundant than myctophids, were most frequently associated with the deep migrating layer.
The s A values of the three layers varied substantially over time (Figure 3) , although s A at all three f values were similar for the nonmigrating deep layer (Figure 3c ), and s A at 18 kHz was higher than that at 38 and 70 kHz for the other two layers (Figure 3a and b) . The maxima in the time-series of RFR f were identified for the two migrating layers (Figure 4a and b) . For the deep migrating layer, the RFR 18 exhibited maxima at 03:00, 08:00, 15:00, and 19:00 (local time), with maxima close to 3 and minima below 2. The RFR 70 varied near 1. The RFR 18 for the migrating shallow layer fell from a maximum of 2 in the early morning to a minimum of 1 at night-time. The RFR 70 displayed no trend and varied near 1.
To explore possible changes in f r vs. depth, the RFR 18 were plotted in 10-m bins ( Figure 5 ). To obtain a full depth range of the myctophids, data from the migrating and non-migrating deep layers were combined. These RFR 18 exhibited maxima near 200 m and 380 m, and minima between these depths, at the surface and at 600 m. Again, RFR 18 varied much more than RFR 70 . The models indicate that resonance at 200 and 400 m produced much larger RFR values (Table 1) than the maxima recorded in this study.
The migrating shallow layer yielded similar results. Specifically, there were systematic changes in RFR 18 and reasonably constant RFR 70 vs. depth ( Figure 6 ). The RFR 18 had largest values with poorly defined peaks at the surface and near 600 m, and minima of 1 from 80 to 120 m. The day and night RFR f values did not differ.
Discussion
According to Butler and Pearcy (1972) , there are three general types of myctophid swimbladder, namely gas-filled, fat-invested, and atrophied. Small fish tend to have ellipsoid, thin-walled, gasfilled bladders. As they grow, there is an increasing probability of bladder modification through lipid filling, reduced size, or shrinking and thickening of walls. Hence, smaller individuals can have larger s bs than larger fish. Details of the species and individuals in this study are not available, but Butler and Pearcy (1972) suggest that swimbladder volumes of: (ii) Lampanyctus ritteri and Lampanyctus regalis are 2% of their body volume, and this reduces to 0.01% in fish .80 mm (not fat-invested); and (iii) Diaphus theta are 7% of their body volume, and this reduces to 0.3% in fish .25 mm. Yasuma et al. (2003) studied D. theta with lengths ranging from 26.9 to 77.4 mm and found a ¼ 2.4 -8.7 mm. The expected volume of swimbladders resonant near 18 kHz for the current study was estimated from the literature ( Table 2) . Because of the limited biological sampling and a lack of studies of the lipid content of the swimbladders of deep-migrating fish, it is unclear why RFR 18 peaked at two different depths. Swimbladder and body volumes are inversely related to body size and lipid content, making estimates of bubble dimensions very uncertain. Adding to this complexity is the multipurpose use of the swimbladder. The lipid content has a buoyancy function, but its major purpose is thought to be as an energy reserve (Phleger, 1998) . Hence, both size and energy conditions determine the acoustic properties of these fish. A spectrum of potential population structures could therefore have produced the two peaks for the myctophids. If the radii of the major and minor axes of the swimbladders of hatchetfish and M. muelleri at the surface comprise 30 -40% of the total fish length, the swimbladder axes of these species will be in the ranges 1.2 -4 cm in hatchetfish and 1.2 -2.8 cm in M. muelleri. Assuming no gas exchange and compression of a spherical swimbladder following Boyle-Mariotte's law, the swimbladder radii of hatchetfish at a depth of 200 m should be roughly 3.0 -0.5 mm, and at 400 m roughly 1.3 -1.9 mm. Hatchetfish could have played some role in the deep migrating layer, although their relative abundance in the catches was small. Maurolicus muelleri was found in shallower water and was presumably the main contributor to the echo abundance in this layer. Their estimated swimbladder radius at 200 m is 6.0 -8.0 mm, and this falls outside the expected resonance size. The increase in RFR 18 towards the extremes of the distribution range could be a first indication of resonance. Resonance is, however, unlikely to occur at both depths, and contamination from the deep migrating layer in the extremes of its distribution range could have contributed to this effect. Moreover, modification of behaviour as an effect of altered buoyancy (Arnold and Greer, 1992; Huse and Ona, 1996; Godø et al., 2006) could have had an effect.
This study has demonstrated that resonance in fish with swimbladders could greatly affect the relative scattering response and degrade classifications of sound scatterers. The 18 kHz recordings were particularly susceptible to resonance, and this frequency should be used with caution. These findings are supported by the calculated theoretical values of Kloser et al. (2002) , who estimated a resonance peak for myctophids at 20 kHz. On the positive side, the dynamics of the resonance phenomenon includes information about the fish and their behaviour. The results of this study also support the use of broad-bandwidth acoustics for a better resolution of the temporal and depth dynamics of the phenomenon. Multiple-frequency, broadbandwidth echosounders should therefore preferably be used in studies of the behavioural characteristics and species compositions of mesopelagic fish.
Conclusion
Both deep (mainly myctophids) and shallow (mainly M. muelleri) migrating layers exhibited significant temporal variation in the RFR 18 , but relatively little in the RFR 70 . The deep layers also revealed two well-defined peaks in RFR 18 vs. depth , at the time of vertical migration. In contrast, the migrating shallow layer exhibited its highest RFR 18 values at the extremes of this layer's depth range, and a minimum near 100 m. Perhaps the RFR 18 values from both layers were affected by changes in f r . This could be important for properly apportioning S v to species during acoustic-survey analyses.
These results demonstrate that swimbladder resonance complicates echo classifications, specifically when small fish with extensive vertical migrations are involved. Future studies of the resonance phenomenon with multifrequency or broad-bandwidth echosounders should enhance our understanding of the behavioural dynamics of such fish and consequently improve our ability to classify them remotely. Moreover, the development of such methods should facilitate an enhanced understanding of open-ocean ecosystems.
